Background and aims The relations between tree species, microbial diversity and activity can alter ecosystem functioning. We investigated ammonia oxidizing bacteria (AOB) community structure and richness, microbial/environmental factors related to AOB diversity and the relationship between AOB diversity and the nitrification process under several tree species. Methods Forest floor (Of, Oh) was sampled under European beech, sessile oak, Norway spruce and Douglas-fir at three sites. AOB community structure was assessed by PCR-DGGE and sequencing. Samples were analyzed for net N mineralization, potential nitrification, basal respiration, microbial biomass, microbial or metabolic quotient, pH, total nitrogen, extractable ammonium, organic matter content and exchangeable cations. Results AOB community structure and tree species effect on AOB diversity were site-specific. AOB richness was not related to nitrification. Factors regulating ammonium availability, i.e. net N mineralization or microbial biomass, were related to AOB community structure.
Introduction
The relationship between biodiversity and ecosystem function remains a controversial subject (Kinzig et al. 2002) with numerous open questions (deLaplante and Picasso 2011), while the Agenda 21 action plan (United Nations Conference on Environment and Development) emphasized its importance already in 1992. Although microorganisms play an essential role in organic matter decomposition and nutrient cycling, their importance in ecosystem functioning is poorly understood. This is mainly due to previous methodological limitations and the assumption of microbial redundancy. Indeed, the rapid growth of microorganisms, their high degree of diversity and their capacity of genetic exchange led to the belief that a change in diversity would not restrict ecosystem functioning (Meyer 1993) . However, recent studies revealed that microbial communities can be essential drivers in ecosystem functioning (Baldrian et al. 2012; Balser and Firestone 2005; Malchair et al. 2010) . For example, in a transplant experiment between grassland and forest soils, changes in microbial processes were related to soil microbial community composition, independently of the abiotic environment (Balser and Firestone 2005) .
Since the 19th century, conifers, especially Norway spruce (Picea abies (L.) KARST) , have been planted in the temperate and boreal zones of Europe, due to its ease of establishment and high annual production (Spiecker 2003) . At the end of the 20 th century, increased concerns about ecological and economical risks posed by coniferous monocultures (Augusto et al. 2002; Rothe et al. 2002) have amplified interest in sustainable forest management, maintaining ecosystem functioning (Baar 2001; Janowiak and Webster 2010; Zerbe 2002) . In Europe, the conversion of coniferous monocultures into broadleaved or mixed stands, reflecting the potential natural vegetation at the site has been suggested (von Lüpke et al. 2004) . Such a change in the dominant tree species could affect soil microbial communities and/or nutrient cycling processes through their influence on the quality and quantity of litter and root exudates (Augusto et al. 2002; Grayston et al. 1996) , ground vegetation (Olsson and Falkengren-Grerup 2003) , soil physical characteristics (Lavelle and Spain 2001) , or their specific nutrition (Hobbie 1992) .
We studied the relation between belowground microbial diversity and function, using forest stands with different tree species as a framework. We focused on ammonia oxidizing bacteria (AOB), responsible for the first rate-limiting step of the nitrification process, i.e. the oxidation of ammonia to nitrite. Nitrification is a key process influencing primary productivity through preferential ammonium or nitrate uptake; it also acts as a gatekeeper of nitrogen losses through nitrate leaching or denitrification. Nitrate leaching causes, in addition to the soil nitrogen losses, base cation leaching (Carnol et al. 1997 ) and net soil acidification (Tietema et al. 1997) .
Although the nitrification process was discovered a century ago, important knowledge gaps, such as the role and distribution of cultured and uncultured AOB within and across ecosystems persist. All AOB isolated or enriched from soils so far belong to the β-Proteobacteria (Stephen et al. 1996) and share overall physiology (aerobic autotrophy). At least ten clusters can be reproducibly recognised within the phylogenetic tree based on 16S rDNA sequences amplified from environmental samples, five belonging to the genus Nitrosospira and five belonging to the genus Nitrosomonas (Koops et al. 2003; Purkhold et al. 2000) . More recent studies suggest a role of archaea belonging to the Thaumarchaea (AOA) in soil ammonia oxidation (Gubry-Rangin et al. 2010; He et al. 2012; Yao et al. 2011) . Even if AOA outnumber AOB in many environments, uncertainties exist about their relative contribution to ammonia oxidation in terrestrial ecosystems. Control of nitrification by AOB (e.g. Long et al. 2012) , AOA (Gubry-Rangin et al. 2010) or both AOB and AOA (Martens-Habbena et al. 2009; Taylor et al. 2010) has been reported in the literature.
As major uncertainties remain about the relationship between microbial diversity and function and on the influence of trees species on soil microbial communities and processes, we investigated the relationship between tree species, diversity and activity of AOB. The specific aims of this study were to investigate (i) AOB community structure and richness under several tree species (European beech, sessile oak, Norway spruce and Douglas-fir) at three study sites, (ii) microbial/environmental factors related to AOB community structure and the presence of specific AOB sequences, (iii) the relationship between AOB diversity and the nitrification process.
Materials and methods

Study sites
This study was carried out at three sites: Chimay (50°01′ N, 04°24′E, Belgium), Vielsalm (50°18′N, 05°58′E, Belgium) and Rambrouch (49°49′N, 5°47′E, GrandDuchy of Luxembourg). Elevation of these sites ranges from 340 to 460 m, with slopes below 3 %. Climate conditions are temperate with a mean annual temperature of 7°C to 8°C and a mean annual rainfall between 1000 and 1300 mm. At each site, soil sampling was performed in neighbouring stands located on the same geological parent material and covered with different tree species. At Chimay, 3 stands covered with European beech, sessile oak or a mixture of these two species were studied. At Vielsalm and Rambrouch, 4 stands covered with European beech, sessile oak, Norway spruce or Douglas-Fir stands were selected. All stands were situated on acid brown soils (Cambisol (Dystric); IUSS Working Group WRB 2006). The spruce stand at Rambrouch was characterized by an important cover of ground vegetation (80-90 %), principally composed of whortleberry (Vaccinium myrtillus L. (75 % coverage)) and wavy hairgrass (Deschampsia flexuosa (L.) Trin. (5 % coverage)).
Forest floor sampling and chemical analysis
In each stand of the 3 sites, soil sampling was conducted in autumn under four randomly selected mature trees. Under each tree, a composite sample of ten cores (diameter 4 cm) from the upper organic horizon (F, H), taken at 1 m from the base of the trunk was collected. In the mixed beech-oak stand at Chimay, the 10 subsamples were taken along transect (8-10 m) between one oak and one beech. The composite samples were sieved (4 mm mesh) on flame-sterilized sieves to remove stones, roots and coarse woody debris and homogenised. A sub-sample of the sieved soil was immediately freeze-dried for molecular analysis and stored frozen. Remaining soil was stored field moist at 4°C for up to 7 days prior to characterising microbial and chemical soil properties.
The organic matter content was determined as loss on ignition (LOI) at 550°C. Soil pH was measured in distilled water with a soil:solution ratio of 1:1, according to Allen (1989) . Total C and N were measured using a C-N-S elemental analyser (Carlo Erba, Italy). NH 
Microbial activities
Potential nitrification (nitpot) was determined by the shaken soil slurry method (Hart et al. 1994 ). This method consists of shaking 10 g fresh soil in 100 ml buffered medium containing 1.5mM NH 4 + over 30 h at 25°C. Inorganic N content of slurries was analysed colorimetrically with a continuous flow analyser (AutoAnalyser3, BranLuebbe, Germany). Potential nitrification rates were calculated by linear regression of nitrate concentrations over time (mg NO 3
). Net N mineralisation (Nmin) was studied in aerobic laboratory incubation lasting 31 days at constant temperature (25°C) in the dark at field moisture (Hart et al. 1994) . Inorganic N was extracted with 1M KCl (1:5, w:v) and analysed colorimetrically, as described above. The net N mineralisation rate (Nmin) was calculated by dividing the net increase in inorganic N (NO 3 − -N+ NH 4 + -N) during the incubation period by the number of incubation days. Basal respiration rate (BR) was determined by measuring CO 2 evolution from field moist soil (20 g) incubated in an amber bottle (Supelco, USA) at 15°C for 3 h. Evolved CO 2 was measured with an infrared absorption gas analyser (EGM-4, PPSystem, UK). BR was estimated by linear regression of CO 2 -C accumulation against time (mgg
). Microbial biomass C and N (MB-C, MB-N) were determined using the chloroform fumigation extraction method (Beck et al. 1997; Vance et al. 1987) , followed by 0.5M K 2 SO 4 (1:5, w:v) extraction of both fumigated and non-fumigated samples. Extracts were analysed for organic C using a Total Organic Carbon analyzer (LabToc, Pollution and Process Monitoring limited, UK) and for organic N using a continuous flow analyzer equipped with an UV digester (Autoanalyser3, Bran Luebbe, Germany). MB-C and MB-N were estimated by the difference of total extract before and after fumigation using a conversion factor of 0.35 for biomass C (Sparling and West 1990) and 0.54 for biomass N (Brookes et al. 1985) . The metabolic quotient (qCO 2 ) was calculated by dividing basal respiration with soil microbial biomass C (Anderson and Domsch 1990) . The microbial quotient (qmic) represents the availability of soil C and was calculated by dividing microbial biomass C by Corg (Anderson and Domsch 1990) with Corg0LOI/1.72 (Allen 1989) .
DNA extraction and denaturing gradient gel electrophoresis (DGGE) profiles
To improve extraction efficiency, a pre-lysis buffer (Sodium phosphate buffer 0.1M) washing step was introduced before extraction procedure (He et al. 2005) . Total genomic DNA was extracted from 0.2 g freeze-dried soil using the PowerClean Soil DNA kit (MoBio, CA, USA), according to manufacturer's instructions with a minor modification: 200 μl AlNH 4 (SO 4 ) 2 100mM were added before the first step of lyses to remove soil-based inhibitors (Braid et al. 2003) . DNA extraction and integrity were checked by electrophoresis on agarose gel (1 % w:v agarose).
The composition of AOB communities was assessed by PCR-DGGE. 16S rRNA genes were amplified using a nested PCR approach. The first-round PCR was carried out with the universal primer pair pA and pH, which amplify an approximately 1.5-kb fragment of the 16S rRNA gene (Edwards et al. 1989 ). The reaction mixture (25 μl) contained 1 μl of genomic DNA as template, 0.5 μl of each primer (30 μM, Invitrogen, Belgium), 0.2 μl dNTPs (25 mM each, Bioline Ltd, UK), 2.5 μl of PCR buffer 10X and 0.2 μl of Taq DNA polymerase (5U μl −1 , Sigma, USA). The amplification regime consisted of an initial cycle of denaturation for 94°C for 2 min followed by 35 cycles of 30 s at 92°C, 1 min at 55°C and 1 min at 72°C (+1 s/ cycle), and a final extension at 72°C for 5 min.
First-stage PCR products were diluted ten-fold and used as template (1 μl) in second-round PCR using GCclamped CTO 189f-ABC/CTO 654r primer set (Kowalchuk et al. 1997 ) amplifying a 465 bp fragment of the 16S rRNA gene specific for the AOB. The PCR reaction mixture (25 μl) consisted of 0.5 μl of each primer (30 μM, Invitrogen, Belgium), 0.15 μl dNTPs (25 mM each, Bioline Ltd, UK), 2.5 μl bovine serum albumine (10 gml ) at 72°C, and a final extension of 5 min at 72°C. DGGE was performed with the DCode gel system (BioRad, USA) using a 6 % acrylamide gel with a 30-60 % denaturant gradient, where 100 % denaturant was defined as 7 mM urea plus 40 % formamide. The fragments were separated by electrophoresis at a constant temperature of 60°C for 10 min at 200 V followed by 16 h at 80 V. The gels were stained for 30 min with SybrGold (Molecular Probes, The Netherlands) before visualization by a CCD camera under a blue-light transillumination table (Dark Reader, Clare Chemical, UK). To aid analysis of the DGGE gels, a marker using cluster controls derived from clones of known sequences (Kowalchuk et al. 1997; Stephen et al. 1996) was added to the outer lanes of the gels. The reference markers were used as a standard during gel normalization and analysis, to ensure gel-to-gel comparability.
Bands were excised from the gel, re-amplified under the conditions described for the second-round PCR and sequenced (Genomex, France). The DNA sequences obtained were compared to sequences available in GenBank database using BLAST software (http://www.ncbi.nlm.nih/gov/blast/). Our sequences have been deposited in GenBank under the accession numbers GU001867-GU001878 and JF418997-JF419016.
Statistical analysis DGGE patterns were analysed and compared using GelCompar II (Applied Maths, Belgium). For each profile, the number of AOB bands, recognized as bands affiliated to AOB after sequencing ('AOB richness'), was evaluated. We used two-way analysis of variance for unbalanced design (general linear procedure, GLM) to test the effect of site and tree species on AOB richness. As interactions between independent variables were significant, one-way ANOVA for unbalanced designs was applied (Cody and Smith 1991). Post-hoc Duncan tests were performed to separate multiple means (P<0.05). Analyses were performed using SAS 9.1 (SAS, SAS Institute Inc, Cary, USA).
Differences in AOB community structure between samples across all sites and within each site were assessed using hierarchical clustering analysis, joining similar profiles into groups (Fromin et al. 2002) . Similarity matrices for this clustering analysis were generated from pairwise comparison of banding patterns (presence/absence of bands) of all samples, using the Dice Coefficient (C D ) as follows: C D 02j/(a+b), where j0number of bands in common between lanes A and B, a0the total number of bands in lane A, b0the total number of bands in lane B. Samples generating similar banding patterns were clustered by means of the unweighted pair group method with arithmetic averages (UPGMA), resulting in the construction of dendrograms.
Differences in AOB community structure between samples were also assessed using Principal Component Analysis (Statistica 8, StatSoft, France). DGGE bands were scored as present (score01) or absent (score00). The data matrix for this analysis used site/species as variables, band scores as values within each variable and the correlation coefficient to calculate the similarity matrix. Pearson's correlations were used to assess the relationship between changes of the AOB community structure (using principal components calculated from DGGE profiles as variables) with environmental (pH (H2O), LOI, NH 4
) and microbial activities (MB-C, MB-N, BR, qmic, qCO 2 , Nmin, nitpot). Pearson's correlation coefficients were also calculated for AOB richness and potential nitrification (SAS 9.1, Sas Institute Inc., Cary, USA).
Binomial logistic regression with forward stepwise (F-statistic was set to 0.05 for variable addition and 0.10 for variable removal) and a logit link function was used for predicting the presence or absence of a specific AOB band in relation with a set of predictor variables (Statistica 8, StatSoft, France). We used the variance inflation factor (VIF) to detect multicollinearity between variables and removed redundant variables which interfered with the regression model (VIF< 10; (Belsley et al. 1980) ).
Results
Environmental and microbial properties of study sites
Range, across species present at each site, of variables used in correlation and regression are presented in Table 1 . All stands were located on highly acidic soils with pH H2O ranging from 3.7 to 4.3. Organic matter ranged from 16.6 to 54.3 %. Exchangeable Ca DW. Across sites, the potential nitrification was low and the net N mineralisation observed was in the range 0.6-5.3 μgN g −1 DW d −1 (Table 1) . The microbial and the metabolic quotient ranged from 0.7 to 2.7 % and from 0.3 to 1.5 μg CO 2 -C mg
, respectively. Effects of tree species at each site on these parameters are analysed in Malchair and Carnol (2009) . AOB richness and community structure under tree species BLASTn analysis revealed that 17 of the 32 bands ( Fig. 1) excised from all DGGE profiles, reamplified and sequenced were affiliated with AOB. Non-target sequences were mainly present in the upper part of the gel (Fig. 1 ) and were located in the mobility range of Nitrosomonas cluster control (clusters V and VI). These non-targeted sequences are affiliated with γ-Proteobacteria or with other β-Proteobacteria. AOB bands were located in a mobility range of approximatively 45 to 57 % of denaturant and co-migrating with Nitrosospira-like and Nitrosomonas-like clusters controls (Fig. 1) . AOB sequences showed best matches in the NCBI Genbank database with different uncultured strains from soils, related to Nitrosospira-like sequences (minimum similarity level: 94 %) and to Nitrosomonas-like sequences (minimum similarity level: 90 %). Within the Nitrosospira lineage, we found sequences grouping into cluster 0 (MN4 and MN6), cluster 2 (MN10, MN11), cluster 3 (MN3, MN7, MN8, MN9, MN12) and cluster 4 (MN5) (Koops et al. 2003) . We also found a sequence related to Nitrosomonas cluster 6 (MN2). No bands/ sequences related to AOB clusters 1, 5, 7 and 8 were detected. Mean soil AOB richness (number of DGGE bands recognised as AOB) ranged from 1 (Rambrouch, spruce) to 6 (Chimay, beech) ( Table 2 ). Soil AOB richness was significantly affected by tree species at Chimay and Vielsalm but not at Rambrouch. At Chimay, AOB richness was significantly higher (P0 0.017) under beech-oak mixture and beech than under oak. At Vielsalm, AOB richness was significantly higher (P00.015) under beech and oak than under Douglas-fir and spruce.
Clustering analysis across sites indicated that AOB banding patterns were distributed in two main clusters (Fig. 2a) . All AOB profiles from Rambrouch formed a separated cluster at 12 % of similarity from the cluster grouping AOB profiles from Vielsalm and Chimay together. Within this second cluster, profiles under coniferous species at Vielsalm separated from AOB profiles under deciduous species at Chimay and Vielsalm (grouped at 55 % similarity). The dissimilarity of AOB patterns between sites could be illustrated by the distribution of bands (Fig. 1) . Only band MN10, affiliated to cluster 2, was observed in all sites. At Rambrouch, only bands related to cluster 2 (MN10) and 3 (MN7, 9, 12) were observed. At Vielsalm, bands related to cluster 2 (MN10, 11) and 3 (MN12) appeared but additional bands affiliated to cluster 0 (MN6), 4 (MN5) were also detected. At Chimay, we identified bands affiliated to the same clusters i.e., cluster 2 (MN10, 11), 3 (MN3, 8), 0 (MN4, 6), 4 (MN5) and an additional cluster: the cluster 6 (MN2) (see Fig. 1 for their phylogenetic affiliations).
Dendrograms, constructed for each site, were used to investigate the difference in AOB community structure under tree species. For Chimay (Fig. 3a) , AOB patterns under oak grouped together and separated from AOB patterns under beech and mixed oak-beech stands, at 35 % similarity. Under oak, AOB sequences related to clusters 0, 3, 6 were detected. Under beech and mixture of beech-oak, additional sequences related to clusters 2, 4 were observed. The dendrogram obtained for soils sampled at Rambrouch showed two distinct clusters (30 % similarity), the first grouping patterns under Douglas-fir, and the second one, separating samples under oak and one sample under beech from samples under spruce and beech (Fig. 3b) . At Rambrouch, we observed sequences related to cluster 3 in all profiles. The band MN9 (cluster 3) was observed in all patterns. The patterns under Douglas-fir were distinct due to the presence of bands affiliated to cluster 2 (MN10) and cluster 3 (MN7) (Fig. 1 ). An additional band (MN12) was detected under oak. The dendrogram generated from samples collected at Vielsalm revealed two main nodes (Fig. 3c) . AOB community structure under Douglas-fir and beneath two spruce trees was clearly distinct from all other samples (30 % similarity). These other patterns formed a joint cluster with two separate sub-clusters: profiles beneath two spruce trees were separated at 48 % similarity from AOB profiles under beech and under oak. Under spruce and Douglas-fir, only sequences affiliated to cluster 2 and band MN1 were detected. Additional sequences related to clusters 0, 3 and 4 were detected under beech and oak.
Relationship between AOB community structure/ richness, environmental and microbial parameters
The first three components of principal components analysis explained 63.3 % of the variability of all DGGE profiles (Fig. 2b) . Overall, the first principal component expressed the largest portion (31.9 %) of the total variance when compared to the subsequent two components (20.2 % and 11.2 %). The correspondence between results obtained by clustering (Fig. 2a) and ordination (Fig. 2b) methods revealed the robustness of the analysis. The ordination method using PCA was chosen for further work because the principal components (PC) could then be analysed by correlation. PC1 were significantly correlated with microbial quotient, net N Different letters indicate significant differences between species (post hoc comparison, P<0.05) following one-way analysis of variance (ANOVA) within each site mineralisation, organic matter content (LOI), active acidity (pH H2O ), total nitrogen, exchangeable aluminium and magnesium (Table 3) . PC2 were significantly correlated with microbial biomass (cmic), metabolic quotient, net N mineralisation and potential nitrification. PC3 was correlated significantly with metabolic quotient. AOB richness was significantly correlated with organic matter content (LOI), active acidity (pH H2O ), microbial quotient, total nitrogen, exchangeable aluminium and magnesium.
Relationship between the presence of specific sequences, environmental and microbial parameters
The logistic regression revealed that N mineralisation and microbial quotient were explanatory variables in 4 or 5 of the 12 models created, respectively (Table 4) . ROC scores ranged from 0.68 to 0.978 indicating a good to excellent fit for each of the bands. Nmin showed a negative coefficient which signifies that an increase in Nmin would result in an increase in the   OC1  OC4  MC2  MC4  BC4  MC1  BC2  BC1  BC3  OC3  OV4  BV4  OV1  BV2  BV1  BV3  OV3  SV3  SV4  DV2  DV3  SV2  DV1  SV1  OC2  MC3  DR3  DR2  DR1  SR2  DR4   OR3  OR2  BR3  BR4  OR1  SR4  SR3  SR1  OR4  BR2 Similarly, an increase in qmic would result in an increase in the occurrence of bands MN2, MN3, MN5, MN6 and MN10. The probability of presence of MN4 and MN8 increased if the quantity of exchangeable cations increased (Al 3+ and Ca 2+ or K + , respectively). On contrary, the presence of MN11 was linked to the decrease in content of exchangeable aluminium. The probability of presence of MN1 and MN9 were, respectively, linked to the increase or decrease of metabolic quotient. The probability of presence of MN12 increased with the increase in extractable ammonium content.
Relation between AOB community structure/richness and function As shown in Table 3 , there was no significant correlation between AOB richness and potential nitrification (P 00.1654). A very weak correlation was observed between PC2 and potential nitrification (r0−0.406; P<0.01). As PC2 reflected 20.19 % of the variability in DGGE patterns, this indicated a very weak relation between AOB community structure and potential nitrification.
Discussion
The results of this study clearly indicate a difference in AOB community structure between the 3 sites studied and, within sites, an effect of tree species on AOB diversity (community structure and richness). Thus, AOB community structure was first determined by site characteristics and, at a lower spatial scale, by tree species. Factors affecting AOB diversity were mainly related to NH4 availability, such as N mineralization. We found no relation between potential nitrification and AOB richness, but a weak link with AOB community structure.
AOB community structure and richness under tree species at three forest sites In the acid soils investigated, we found sequences related to both Nitrosomonas and Nitrosospira, with a higher number of sequences related to Nitrosospira. Numerous studies showed the preponderance of Nitrosospira-like AOB in terrestrial environments (Carney et al. 2004; Fierer et al. 2009; Kowalchuk et al. 2000) , and a prevalence of cluster 2 under acidic conditions (Bäckman et al. 2003; Laverman et al. 2001 ). In contrast, Carnol et al. (2002) found a dominance of Nitrosomonas-like AOB in acid forest soils under oak and spruce. We found only two sequence related to cluster 2, one of which was ubiquitous across sites. The majority of sequences retrieved in our study were affiliated to cluster 3; often found in neutral arable soils (Stephen et al. 1996) . This corroborates the idea that cluster 2 would not be the most representative and abundant cluster in acid soils (Avrahami and Conrad 2005; Schmidt et al. 2007 ) and that cluster 3 can be found across many soil types (Fierer et al. 2009 ). We also detected sequences affiliated to cluster 4, which has been reported to be prevalent in unmanaged forests (Bruns et al. 1999 ) and characteristic of temperate soils (Avrahami and Conrad 2005) . Our results demonstrated that tree species influenced AOB community structure at local scale (within sites). At one site (Vielsalm), the difference in AOB community structure under Douglas fir and Norway spruce compared to deciduous species was linked to lower AOB richness. This change in AOB community structure might be explained by lower quality of coniferous litter (Scott and Binkley 1997) , leading to the lower mineralisation rates measured (Malchair and Carnol 2009 ) at the site and, subsequently, lower substrate availability for the AOB. In contrast, a similar AOB community structure under spruce and deciduous species was observed at another site (Rambrouch). At this site, the important understory vegetation under spruce could have had a predominant effect on microbial community through root exudates (Wu et al. Microbial properties are MB-N microbial biomass N, MB-C microbial biomass C, BR basal respiration, qmic microbial quotient, qCO 2 metabolic quotient, Nmin net N mineralization, nitpot potential nitrification; environmental properties are LOI loss on ignition, pH (H20) active acidity, NH 4 + -N ammonium content, C/N C/N ratio, Ntot-N total nitrogen, Al 3+ , Ca 2+ , Mg 2+ , K + exchangeable aluminium, calcium, magnesium and potassium 2011), supplanting a potential tree species effect. At Chimay, AOB community structure was different between the deciduous stands investigated (beech, oak), with a lower AOB richness under oak. Oak litter has a high allelochemical content (Howard and Howard 1991) and a potential effect of these allelochemicals on AOB community composition cannot be excluded. The observed effect of tree species on AOB community structure at individual sites could not be generalised at higher spatial scale, i.e. across sites. The understanding of the biogeographic distribution of soil microbial communities is still in its infancy due to the relatively recent development of molecular tools allowing the characterisation of microbial communities without cultivation (Jackson et al. 2002) . The major influences of the study sites on AOB community structure and richness observed in this study are in accordance with the "distance-decay" pattern reported for communities from all domains of life (Green et al. 2004; Nekola and White 1999) . This pattern, stating a decrease in the similarity of species composition with distance, could be governed by environmental conditions (Horner-Devine et al. 2004 ) and/or by historical events, namely dispersal limitation and past environmental conditions (Martigny et al. 2011) . For example, in the study of Ramette and Tiedje (2007) , the genetic similarities of soil inhabiting bacteria were influenced by both environmental heterogeneity and historical events. Across a wide array of ecosystem types in North and South America, soil acidity has been recognised as a major environmental factor influencing microbial community structure (Fierer and Jackson 2006) . Soil moisture has also been determined as the main parameter influencing microbial community structure in forest soils across several biogeoclimatic zones (Brockett et al. 2012) . Also, across a broad range of ecosystem types and climatic region, AOB community structure was strongly correlated with mean annual temperature (Fierer et al. 2009 ). In our study, site influence on AOB community structure could however not be explained by temperature, soil moisture or acidity, as these factors were similar between sites. Here, site-specificity of AOB community might be related to other factors than temperature, soil moisture or acidity (see below), such as dispersal limitation, past management, past environmental conditions or current environmental conditions. AOB community structure and richness related to environmental and microbial properties Little is known on the controlling factors of AOB community structure and AOB richness, although the regulation of nitrification process by abiotic factors has been largely documented (Avrahami et al. 2003; Briones et al. 2002; Carnol 1999; Nicolaisen et al. 2004; Prosser 2011) . The abundance, distribution and community structure of ammonia oxidizing organisms may be affected by temperature (Tourna et al. 2008) , moisture (Horz et al. 2004) , and pH . In contrast to these studies on neutral grassland or agricultural soils, investigating one factor at one site only, we were able to analyse multiple factors across sites. In our study, factors affecting AOB community structure and richness were thus mainly related to ammonium availability, as previously shown in grassland ecosystems (Malchair et al. 2010) . AOB community structure/richness was related to net N mineralisation rate, microbial quotient, acidity, organic matter content, total N and microbial biomass. Furthermore, occurrences of several AOB sequences increased with mineralisation rate, extractable ammonium content or microbial quotient (indicator for organic carbon availability). A link between net N mineralisation and AOB community structure has been demonstrated by Carney et al. (2004) . Net N mineralisation is the main process providing ammonium for AOB. Ammonium availability can be a selective factor through its selective influence on AOB species with different substrate affinity (Koops and Pommerening-Röser 2001) , as shown in agricultural soils (Glaser et al. 2010) . Furthermore, type and availability of organic matter can impact AOB community structure (Wessén et al. 2010) through its influence on the competition for inorganic nitrogen between AOB and heterotrophs. The influence of total nitrogen content and microbial biomass could be explained by the role of microbial biomass in the depolymerisation of organic nitrogen to dissolved organic nitrogen, via the excretion of extracellular enzymes. This process could be the initial rate-limiting step of N mineralisation (Chapin et al. 2002; Delgado-Baquerizo and Gallardo 2011) , again affecting ammonium availability. This hypothesis is not supported by the absence of correlation between exchangeable ammonium content and AOB community structure. However, extractable ammonium of bulk soil does not reflect ammonium availability to microorganisms, as demonstrated by Davidson and Hackler (1994) .
Relationships between AOB diversity and the nitrification process We observed no relation between potential nitrification and AOB richness, as well as a very weak link with AOB community structure. It has been advanced that AOB density, rather than AOB community structure would control nitrate productions in acid forest (Laverman et al. 2001 ) and grassland (Hawkes et al. 2005; Okano et al. 2004 ) soils. Alternatively, according to the theory on the relation between biodiversity and ecosystem functioning (Loreau et al. 2002) , idiosyncratic or no-response relationship might be due to horizontal gene transfer and changes in gene expression (phenotypic plasticity) (Hannes et al. 2011 ). However, both redundancy and rivet-popping relationship could occur if AOB richness in our study is above a potential threshold for observing a decrease in function. Studies under controlled conditions, manipulating AOB diversity, are necessary for elucidating the relationship between AOB diversity and function. Another explanation for the absence of a relationship between AOB community structure and richness and potential nitrification could be the role of other organisms in this process. Indeed, Treusch et al. (2005) showed that ammonia-oxidizing Archaea (AOA) possess ammonia monooxygenase, potentially enabling them to perform ammonia oxidation and AOA have been found in high numbers in many habitats, including forest soils (Boyle-Yarwood et al. 2008) . Nitrification in acid soils has nurtured discussions for nearly 100 years . Whilst it was initially attributed to heterotrophs (Focht and Verstraete 1977; Remacle 1977) , to AOB at microsites with higher pH (Prosser 1989) and/or to specific AOB clusters (Laverman et al. 2001) , recent research provided evidence for a more important role of AOA than AOB in strongly acid soils (Gubry-Rangin et al. 2010; He et al. 2012; Zhang et al. 2012) . Currently, none of these explanations can be discarded, as their validity has been demonstrated at some sites. We need to test these different possibilities across biogeographical gradients and environmental conditions. In particular data on the relative contribution of AOA and AOB to the nitrification process are required for elucidating which organisms are the main drivers and whether there is a diversityfunction link for nitrification in acid forest soils.
Conclusion
The effects of tree species on AOB diversity and on the presence of particular AOB clusters were site specific and could not be generalized. Thus, at larger spatial scales, site characteristics may be more important than the nature of tree species in determining AOB diversity. Differences in AOB diversity were related to processes influencing ammonium availability, such as the total soil N content, net N mineralization and soil microbial biomass. The absence of a clear relation between AOB richness and nitrification indicates a possibly role of AOB abundance, phenotypic plasticity or the implication of ammonia oxidizing archaea in acid forest soils.
